NMDA receptors (NMDARs) are critical to synaptogenesis, neural circuitry and higher cognitive functions. A hallmark feature of NMDARs is an early postnatal developmental switch from those containing primarily GluN2B to primarily GluN2A subunits. Although the switch in phenotype has been an area of intense interest for two decades, the mechanisms that trigger it and the link between experience and the switch are unclear. Here we show a new role for the transcriptional repressor REST in the developmental switch of synaptic NMDARs. REST is activated at a critical window of time and acts via epigenetic remodeling to repress Grin2b expression and alter NMDAR properties at rat hippocampal synapses. Knockdown of REST in vivo prevented the decline in GluN2B and developmental switch in NMDARs. Maternal deprivation impaired REST activation and acquisition of the mature NMDAR phenotype. Thus, REST is essential for experience-dependent fine-tuning of genes involved in synaptic plasticity.
a r t I C l e S NMDARs are heterotetramers typically composed of GluN1 and GluN2 subunits, and the precise subunit composition determines NMDAR functional properties 1, 2 . A developmental switch in NMDAR subunit composition from containing primarily GluN2B to primarily GluN2A occurs during postnatal development [3] [4] [5] [6] [7] . This developmental switch is important in that GluN2B expression can restrict synaptic incorporation of AMPA receptors (AMPARs) 8, 9 , reduce the threshold for and enhance the magnitude of long-term potentiation (LTP) 6, 10, 11 and promote hippocampus-dependent learning 12 , plasticity-induced spine growth 10 and dendritic patterning critical to information processing 13 . Moreover, GluN2B-containing NMDARs exhibit slower decay times 1 , carry more Ca 2+ current per unit charge 7 and preferentially tether to the plasticity protein CaMKII 14 . These findings highlight the importance of maintaining correct GluN2A and GluN2B amounts in adults. However, the molecular mechanisms that control the long-term switch in NMDAR subunit composition during brain development remain unclear.
Epigenetic modification of chromatin is a key regulator of gene expression in virtually all tissues including the brain, and it is a mechanism through which neuronal activity and early experience in life can modify brain development 15, 16 . An attractive scenario is that during postnatal development, experience triggers chromatin remodeling and transcriptional repression of Grin2b, the gene encoding the NMDAR subunit GluN2B. The repressor element 1 silencing transcription factor (REST), also known as neuron-restrictive silencer factor (NRSF), is a gene-silencing factor that is widely expressed during embryogenesis in pluripotent stem cells and neural progenitors, where it acts via epigenetic remodeling to silence coding and noncoding neuronal genes important to synaptic function, including Grin2b [17] [18] [19] [20] [21] . REST binds RE1 (also known as NRSE), a 23-base-pair motif in the promoter of target genes, and acts as a platform that recruits co-repressors, which promote chromatin remodeling via modifications of core histone proteins and DNA [22] [23] [24] . Whereas REST was initially thought to function as a master negative regulator of genes involved in neurogenesis and neuronal differentiation, loss of REST is critical for the acquisition of the neuronal phenotype 18, 19 . However, a role for REST in synaptic function in mature neurons under physiological conditions is, as yet, unknown.
The subunit composition of synaptic NMDARs is regulated acutely, on the order of minutes or hours, in response to neuronal activity 10, [25] [26] [27] [28] and in a long-lasting manner by early postnatal experience 3, [29] [30] [31] [32] [33] . We undertook this study to investigate molecular mechanisms underlying the long-term switch in the composition of GluN2 subunits at hippocampal synapses during normal postnatal development and in response to early life experience. We show that REST is activated and recruited to the Grin2b promoter in differentiated neurons and is critical to the enduring physiological switch in synaptic NMDAR phenotype at dentate granule cell (DGC) synapses observed in vivo during normal postnatal development. We also show that adverse experience in early life in the form of maternal deprivation disrupts activation of REST and the switch in synaptic NMDAR subtype. Thus, REST is essential for experience-dependent fine-tuning of genes involved in synaptic activity and plasticity via epigenetic mechanisms.
RESULTS
To examine a possible role for REST in the developmental switch of NMDAR subunit expression, we examined postnatal expression of REST, GluN1, GluN2A and GluN2B in the hippocampus of neonatal rats. A transient, but marked increase in REST abundance occurred at postnatal day 14-15 (P14-15; Fig. 1a,b and scanned membrane in Supplementary Fig. 1a) , which coincided with a long-term decline in Grin2b mRNA expression ( Fig. 1c) . GluN2B protein abundance remained essentially constant from P8 until P21, after which it declined by ~2.5-fold to a level that persisted until adulthood ( Fig. 1a,d) .
GluN2A protein was barely detectable at P3, and its amount progressively increased by nearly fivefold by P30 relative to that at P3, a r t I C l e S a level that persisted until P60 (Fig. 1a,e and Supplementary Table 1 ). Whereas GluN2B and GluN2A proteins and Grin2b mRNA are developmentally regulated, Grin1 mRNA (which encodes GluN1) expression was unaltered postnatally (Fig. 1f ). To determine whether the observed increase in REST at P14-15 occurs primarily in the nuclear fraction of neurons, we microdissected the cell body layer of the hippocampus at indicated ages and extracted the nuclear fraction. REST abundance in nuclei increased by more than threefold (versus 0.3-fold in whole hippocampal lysates; Fig. 1b ) at P14-15 relative to P9 ( Fig. 1g, Supplementary Fig. 1b and Supplementary Table 2 ). These findings document a marked increase in the expression of the transcriptional repressor REST predominantly in the nuclei of hippocampal neurons.
REST binds RE1 sites in promoters of target genes 23 , including Grin2b 20,21 . To evaluate whether the increase in REST abundance at P14-15 coincides with REST enrichment at Grin2b, we examined REST occupancy at two RE1 sites contained within the proximal (PR1) and distal (PR2) regions of the Grin2b promoter ( Fig. 1h and Supplementary Fig. 2 ) by means of chromatin immunoprecipitation (ChIP). The mouse Grin2b promoter has multiple RE1 motifs that act synergistically to enhance the binding affinity for REST 20 . At P15, immediately before the decline in Grin2b mRNA expression, REST was highly enriched at PR1 ( Fig. 1i ) and PR2 ( Fig. 1j, Supplementary Fig. 3 and Supplementary Table 3 ). Because REST occupancy was greater at PR1 than at PR2 at all ages examined, we focused on PR1 in subsequent experiments. REST occupancy at the Grin2b promoter persisted as late as P60, consistent with a role for REST in long-term transcriptional repression of GluN2B. In contrast, REST was not enriched at exon 4 of the Grin2b gene ( Supplementary Fig. 4a ) or at the promoter of the Actb gene (β-actin), both of which lack RE1 sites ( Supplementary Fig. 4b ).
Moreover, REST was not enriched at RE1 sites within the Grin2a (which encodes GluN2A; Fig. 1k ), Grin1 (GluN1; Fig. 1l ) or Gria2 (GluA2) gene promoters ( Supplementary Fig. 4c ). Collectively, these findings indicate target specificity of REST in mature, differentiated neurons.
Co-assembly of REST with the cofactor CoREST, enhances the ability of REST to repress genes 34 and can effect long-term gene silencing 22 . Recruitment of CoREST to the Grin2b promoter was first evident at P15 and was greatest at P60, the latest age examined (Fig. 1m) . The REST co-repressor complex promotes post-translational modifications of core histone proteins and methylation of cytosines in DNA 18 . G9a, a site-specific histone methyltransferase that confers methyl moieties to H3K9 is associated with REST repression 35 , and was highly enriched at the Grin2b promoter at P15 (about ninefold relative to P3; Fig. 1n ), after which it gradually decreased to about sixfold at P21 relative to P3 and to about fourfold at P60 relative to P3. As is the case for other transcription factors, the binding affinity of REST to RE1 and its ability to repress target genes is enhanced by co-existence of chromatin repressive marks 36 . At the Grin2b promoter, trimethylation of core histone H3 at lysine 9 (H3K9me3), a functional readout of G9a and a mark of transcriptional repression, transiently increased relative to the level at P3 about tenfold by P15 and fivefold by P21, after which it declined to levels near to those observed at P3 (Fig. 1o) . In contrast, trimethylation of histone H3 at lysine 27 (H3K27me3), also a mark of gene silencing, increased npg a r t I C l e S dramatically relative to the level at P3 at the Grin2b promoter at P15 (~20-fold) but continued to rise in occupancy (~50-fold) as late as P60 ( Fig. 1p, Supplementary Fig. 3f and Supplementary Table 4 ). Thus, although initially both repressive marks likely acted in concert, the long-term decline in GluN2B expression was associated with the long-term repressive mark H3K27me3. The increase in repressive marks was accompanied by a marked and transient reduction in trimethylation of histone H3 at lysine 4 (H3K4me3), a mark of active gene transcription, to almost undetectable levels at P15, followed by a substantial rise at P21 to the higher levels observed at earlier ages ( Fig. 1q and Supplementary Fig. 3e ). At P21 and as late as P60, the latest time point examined, the Grin2b promoter exhibited a bivalent pattern of epigenetic marks in which marks of repression (H3K27me3 and H3K9me3) localized with marks of active gene transcription (H3K4me3); under these conditions, genes will be repressed yet at the same time poised for activation 37 . Methyl CpG binding protein 2 (MeCP2), a protein that reads epigenetic marks and functions as a transcriptional repressor 15 , was enriched at the Grin2b promoter by about fivefold at P15 and by about 20-fold at P60 ( Fig. 1r and Supplementary Table 3 ). Thus, recruitment of REST to the Grin2b promoter and epigenetic marks of repression directly precede the long-term decline in GluN2B subunit.
To examine a possible causal role for REST in the long-term decline in GluN2B expression, we focused on the dentate gyrus, a key relay station in the hippocampal formation where a transient increase in REST precedes the developmental switch in NMDAR subunit composition ( Fig. 2a and Supplementary Table 5 ). Pharmacologically isolated NMDAR-mediated excitatory postsynaptic currents (EPSCs; Online Methods) exhibited both a progressive decrease in sensitivity to the GluN2B-selective antagonist Ro25-6981 (0.5 µM; Fig. 2b) , and faster EPSC decay kinetics with age ( Fig. 2c) . These findings suggest that in the dentate gyrus, as in other brain regions 1, 4, 30 , there is a developmental switch in synaptic NMDAR phenotype from containing primarily GluN2B to primarily GluN2A. To specifically test the role of REST in GluN2B expression, we used RNA interference (RNAi) to knock down REST. To this end, we injected synthetic short hairpin (sh)RNA targeted to Rest (shRNA-REST) 38 or nontargeting shRNA (does not target any known vertebrate gene; Supplementary  Fig. 5 ) directly into the dentate gyrus of rat pups by means of a lentivirus expression system, which also expresses enhanced GFP (eGFP; hereafter called GFP), allowing visualization of infected neurons. We performed injections either at P10, an age before the initial decline in GluN2B, or at P24, after the initial decline in GluN2B and switch in NMDAR phenotype have started ( Fig. 3a) . shRNA-REST delivered at P10 was abundantly expressed in DGCs by P14, as assessed by the intensity of green fluorescence (Fig. 3b) . Injection of shRNA-REST at P10 decreased the levels of Rest mRNA assessed at P14 and P28-P32 ( Fig. 3c ). Relative to nontransduced control cells, shRNA-REST injected at P10 resulted in a more than sevenfold increase in Grin2b mRNA ( Fig. 3d) but had little or no effect on Grin2a and Grin1 mRNAs ( Fig. 3e) , as assessed by quantitative PCR of clusters of GFP + DGCs expressing shRNA-REST at P28-P32 (GFP + neurons). This observation is consistent with the concept that REST regulates a subset of 'transcriptionally responsive' genes in postnatal neurons, as recently reported for the chloride transporter KCC2 in cortical neurons in vitro 39 . Whereas shRNA-REST delivered at P24 decreased Rest mRNA expression ( Fig. 3c) , it did not substantially alter Grin2b mRNA expression, assessed at P28-31 ( Fig. 3d and Supplementary  Table 6 ), indicating that knockdown of REST after the switch has been triggered did not reverse the decline in Grin2b transcription.
To determine whether the increase in Grin2b mRNA expression induced by knockdown of REST is functionally important, we monitored pharmacologically isolated NMDAR EPSCs onto DGC synapses (Online Methods). We first analyzed the input-output function of NMDAR-mediated transmission in neurons expressing shRNA-REST relative to neighboring, nontransduced control cells in Figure 2 Transient increase in REST precedes the switch in NMDAR phenotype in rat dentate gyrus. (a) Representative immunoblots (top) from microdissected dentate gyrus tissue at indicated postnatal ages, showing the expression of REST, GluN2A, GluN2B and β-actin (full-length blots are presented in Supplementary Fig. 12 ). All values were normalized relative to those at P8. Quantification (bottom) of REST expression in dentate gyrus and NMDAR subunits GluN2B and GluN2A (n = 4). a r t I C l e S the same hippocampal slice. shRNA-REST injected at P10 substantially increased NMDAR transmission ( Fig. 3f and Supplementary  Table 7 ). Consistent with this observation, in rats injected at P10, but not at P24, neurons expressing shRNA-REST exhibited a higher NMDAR/AMPAR ratio than did neurons expressing nontargeting RNAi (Fig. 3b,g) . Moreover, another synthetic shRNA that targets a different sequence in the Rest gene (called shRNA-REST*; Online Methods) also increased the NMDAR/AMPAR ratio (Fig. 3g) . In contrast, the frequency and amplitude of AMPAR-mediated miniature EPSCs, the paired-pulse ratio of evoked EPSCs and currentvoltage curves for AMPAR EPSCs and NMDAR EPSCs were unchanged in neurons expressing shRNA-REST ( Supplementary  Figs. 6 and 7) , strongly suggesting that knockdown of REST did not detectably alter glutamate release probability, quantal size of AMPAR-mediated synaptic transmission or rectification properties of synaptic AMPARs or NMDARs at DGC synapses. Together, these results suggest that RNAi-mediated knockdown of REST prevented the normal developmental decline in Grin2b mRNA and presumably GluN2B protein, thereby selectively increasing NMDAR-mediated (but not AMPAR-mediated) transmission.
We next examined the impact of RNAi-mediated knockdown of REST on properties of NMDAR-mediated transmission. In rats injected with either shRNA-REST or shRNA-REST* at P10, NMDAR EPSCs recorded at P28-P32 exhibited a greater sensitivity to the GluN2B-selective antagonist Ro25-6981 (0.5 µM; Fig. 4a ) and slower decay kinetics, relative to NMDAR EPSCs recorded from nontransduced DGCs or DGCs expressing nontargeting RNAi ( Fig. 4b and Supplementary Table 8 ). These observations are consistent with an increase in the relative contribution of GluN2B-containing receptors at the synapse 5, 40 . In contrast, neurons injected with shRNA-REST at P24 exhibited no detectable change in sensitivity of NMDAR EPSCs to Ro25-6981 ( Fig. 4a) or decay kinetics (Fig. 4b) relative to those of nontransduced DGCs, consistent with the notion that REST acts within a critical time window during development to promote epigenetic marks of repression that contribute to the switch in synaptic NMDAR properties. To examine the impact of shRNA-REST injected at P10 on GluN2A-containing NMDARs, we assessed the sensitivity of NMDAR EPSCs to Zn 2+ , which in the nanomolar range preferentially inhibits GluN2A-containing versus GluN2B-containing NMDARs (Online Methods). To validate the selectivity of Zn 2+ for GluN2A-containing NMDARs, we recorded NMDAR EPSCs in rats at an older age (P29-P30), when synaptic NMDARs are primarily GluN2A-containing, and in rats at a younger age (P7-P8), when the contribution of GluN2A-containing receptors is minimal. The reduction in the amplitude of NMDAR EPSC produced by Zn 2+ was notable at P29-P30 but greatly diminished at P7-P8 ( Fig. 4c and  Supplementary Table 8 ). NMDAR EPSCs from neurons injected with shRNA-REST at P10, and recorded at P29-P30, exhibited less Fig. 8 ) than NMDAR EPSCs recorded from nontransduced DGCs ( Fig. 4c and Supplementary Table 8 ). These results demonstrate that REST regulated the GluN2B/GluN2A expression ratio and considerably contributed to the switch in synaptic NMDAR phenotype from containing primarily GluN2A to primarily GluN2B during postnatal development.
Epigenetic modifications of chromatin reflect environmental influences that are not 'hard-wired' into the DNA sequence 15, 16 . Given that REST acts via epigenetic remodeling to promote the developmental switch in NMDAR phenotype, we reasoned that experience might influence activation of REST and the long-term decline in GluN2B expression. Maternal deprivation during the first week of postnatal life has a profound and enduring impact on hippocampal development 41 and NMDAR subunit composition in the hippocampus 31 . We first assessed whether adverse experience early in life in the form of maternal deprivation could influence REST and REST-dependent silencing of Grin2b. Rats subjected to periods of maternal deprivation (here referred to as "maternally deprived"; Fig. 5a and Online Methods) showed a marked reduction in the amount of REST protein in the nuclear fraction of the hippocampus (Fig. 5b) , as assessed by western blot analysis, a decrease in Rest mRNA amount and an increase in Grin2b mRNA expression in the dentate gyrus, assessed by real-time quantitative reverse transcription PCR (qRT-PCR) at P30 (Fig. 5c) . In contrast, Grin2a, Grin1 and Gria2 mRNA expression were unaltered in dentate gyrus at P30, indicating target specificity of REST ( Supplementary Fig. 9 and Supplementary Table 9 ).
Moreover, rats subjected to maternal deprivation exhibited a marked reduction in occupancy by REST ( Fig. 5d) and H3K27me3 (Fig. 5e ) at the Grin2b promoter in the dentate gyrus, relative to age-matched, normally reared rats ( Supplementary Table 10 ). To examine the impact of maternal deprivation on NMDAR subunit composition at synapses, we assessed the amounts of receptor subunits in endoplasmic reticulum and postsynaptic density (PSD) from normally reared and maternally deprived pups at P30 (Online Methods). GluN2B was markedly increased in both endoplasmic reticulum and PSD fractions of maternally deprived versus normally reared rats ( Fig. 5f) . Whereas total cellular abundance of GluN1 protein was unchanged in hippocampal total lysates of maternally deprived versus normally reared rats, GluN1 expression was decreased in the endoplasmic reticulum fraction and increased in the PSD fraction ( Fig. 5d) , consistent with forward trafficking of GluN1 from the endoplasmic reticulum to the PSD in the hippocampus of maternally deprived rats. The increase in synaptic GluN1 likely reflects assembly and synaptic incorporation of new GluN1 and GluN2B (GluN1/GluN2B) receptors. In contrast, GluN2A was unchanged in total cell lysates, endoplasmic reticulum and PSD fractions from maternally deprived versus normally reared rats ( Fig. 5d and Supplementary Table 9 ), consistent with no change in occupancy of REST at Grin2a in maternally deprived rats ( Supplementary Fig. 10 and Supplementary Table 10) . These findings show that maternal deprivation during the first week of life interferes with activation of REST and occupancy of epigenetic marks of repression and prevents the decline in synaptic GluN2B (but not the rise in GluN2A) during postnatal development. . Also shown is Zn 2+ -dependent inhibition in DGCs from nontransduced younger (P7-P8) rats, which express primarily GluN2B-containing NMDARs (7 cells from 2 rats). Averaged sample traces were taken at times indicated in the summary data. Summary data show the mean ± s.e.m. **P < 0.01; ***P < 0.001; n.s., not significant.
a r t I C l e S
To evaluate the functional consequences of maternal deprivation on NMDAR-mediated synaptic transmission, we recorded NMDAR EPSCs at synapses onto DGCs in slices from maternally deprived pups and normally reared littermates at P28-P31. Consistent with an increase in synaptic GluN2B, with little or no change in GluN2A amount ( Fig. 5f and Supplementary Fig. 9 ), NMDAR EPSCs of maternally deprived rats exhibited enhanced sensitivity to the GluN2B-selective antagonist Ro25-6981 (0.5 µM; Fig. 6a ) and slower EPSC decay kinetics ( Fig. 6b and Supplementary Table 11 ). In contrast, the paired-pulse ratio of evoked EPSCs (Supplementary Fig. 11 ) and NMDAR/AMPAR ratios (Fig. 6c) were unchanged. Maternal deprivation induced a modest increase in the quantal amplitude 3) . Rest and Grin2b mRNA expression in the dentate gyrus (right; n = 3). (d,e) Abundance of REST (d) and H3K27me3 (e) at the Grin2b promoter in maternally deprived rats relative to age-matched, normally reared rats (n = 3). (f) Representative western blots (left) and summary data (right), showing GluN2B, GluN2A, GluN1 and GluA2 protein in total lysate, endoplasmic reticulum (ER) and PSD fractions of the hippocampus from maternally deprived pups versus normally reared pups. All samples were assessed at P28-P31 (n = 3). Total lysate samples were normalized to β-actin, ER samples were normalized to GRP78, an ER marker, and PSD samples were normalized to PSD-95, which was not altered after maternal deprivation ( Supplementary Table 9 ; full-length blots are presented in Supplementary Fig. 12 ). Dashed lines indicate normalization to the initial value. Error bars, s.e.m.; *P < 0.05; **P < 0.01; ***P < 0.001. npg a r t I C l e S of AMPAR-mediated transmission, as indicated by changes in the amplitude but not the frequency of miniature EPSCs ( Fig. 6d and Supplementary Table 11 ), which could account for the lack of change in NMDAR/AMPAR ratio. Although the increase in the amplitude of miniature EPSCs might be due to compensatory changes in the number of AMPARs or their function, we did not detect a change in GluA2 protein amount ( Fig. 5d and Supplementary Table 9 ). REST abundance at neither Gria2 nor Gria2 mRNAs was changed at P30 (Supplementary Figs. 9 and 11 and Supplementary Table 10 ). Thus, although the mechanism underlying the increase in AMPARmediated transmission in maternally deprived rats remains unclear, it is unlikely due to REST-dependent transcriptional regulation of GluA2. Together, these findings strongly suggest that maternal deprivation, known to be associated with aberrant behavior 42 , impairs activation of REST and the switch in NMDAR subunit composition during development, likely owing to the inability of REST at low levels to repress Grin2b transcription.
DISCUSSION
Here we demonstrated a critical and previously unrecognized role for experience-dependent, epigenetic remodeling of synaptic NMDARs during hippocampal development. Our results indicate that REST is essential to the developmental switch in GluN2A/GluN2B ratio at hippocampal synapses in vivo. REST orchestrates epigenetic remodeling of the Grin2b promoter and long-lasting transcriptional repression of Grin2b early in postnatal development. Although previous studies have shown that acute neuronal activity can regulate NMDAR subunit composition on the order of minutes or hours 10,25-28 , these studies had not addressed the enduring physiological switch in synaptic NMDARs observed in vivo during postnatal development. Whereas studies of the switch in NMDARs during postnatal development had focused on the increase in GluN2A at synapses of visual cortex 3, 33 , we demonstrated an essential role for the decline in GluN2B expression at hippocampal synapses. A prevailing view has been that REST serves as a master regulator of neuronal gene expression in pluripotent stem cells and neural progenitors. To our knowledge, our study is the first demonstration that REST-dependent epigenetic modifications alter properties of a synaptic protein in differentiated neurons and that REST can regulate synaptic function. We also showed that adverse early life experience in the form of maternal deprivation disrupts activation of REST, alters the epigenetic landscape at the Grin2b promoter and prevents acquisition of the mature NMDAR phenotype at hippocampal synapses. Our finding that the switch is mediated by experience-dependent mechanisms in vivo supports a new and previously unappreciated role for REST as a link between experience and synaptic function.
REST exhibits both target and temporal specificity
Whereas genome-wide and cell-line studies reveal that only ~13% of predicted RE1 sites actually bind REST, there is little information on mechanisms underlying target specificity and affinity in neurons in vivo. Our studies showed that REST exhibits target specificity in differentiated neurons during postnatal development. Whereas REST was enriched at the Grin2b promoter, it was not enriched at Grin1, Grin2a or Gria2 promoters, which contain known RE1 sites. Some of these findings are not entirely surprising, as Grin1 mRNA expression in the hippocampus is not developmentally regulated and Grin2a mRNA expression is highly increased during development 40 . Also, our finding that REST is not enriched at the Grin2a promoter in differentiated neurons is consistent with findings of others that Grin2a is not a functional target of REST in mammalian cells 23, 43 . The observation that REST is not recruited to the Gria2 promoter during early postnatal development is in contrast to findings that Gria2 is a known functional target of REST in mammalian cells 44 and in CA1 neurons in response to ischemic insults in vivo 38 . Thus, target specificity of REST may vary with cell type and context. Although here we did not address the long-term increase in GluN2A expression during postnatal development, it is likely regulated at least in part by REST-independent transcriptional activation as, for example, CREB 43 and/or post-transcriptional mechanisms such as translation and receptor trafficking. It is interesting that Rest knockdown enhanced NMDAR-mediated transmission. Such an increase is presumably due to the selective REST-dependent increase in GluN2B expression at the synapse, consistent with the notion that availability of GluN2 subunits determines the total number of functional NMDARs 45 . Our results reinforce the notion that although REST can repress thousands of genes, other supporting mechanisms may be necessary to enable REST-dependent repression as, for example, changes in the epigenetic landscape at the gene promoter. An open question is what mechanism turns on REST expression in differentiated neurons at P15-P17.
Recent studies indicate that a fundamental mechanism by which REST is regulated is at the level of protein stability and degradation. REST protein stability is bidirectionally regulated by β-transducin repeatcontaining protein (β-TrCP)-dependent, ubiquitin-based proteasomal degradation 46, 47 and herpes virus-associated ubiquitin-specific protease (HAUSP)-dependent deubiquitination, leading to enhanced protein stability 48 . One possibility is that early life experience regulates REST expression through these degradation mechanisms.
We also found that the temporal context in which REST modulates Grin2b is restricted to a critical window of time during postnatal development associated with heightened plasticity. Whereas in vivo knockdown of REST at P10, an age before the decline in GluN2B, derepresses GluN2B and disrupts the change in synaptic NMDAR properties at hippocampal synapses, knockdown of REST at P24, an age after the decline in GluN2B has begun, is ineffective. Moreover, once REST has triggered Grin2b repression at P14-P15, co-repressors such as CoREST and MeCP2 and/or chromatin repressive marks persist at the Grin2b promoter at high levels at older ages, thereby maintaining GluN2B at low levels. This would, in turn, make acute knockdown of Rest ineffective at older ages (for example, >P24). Alternatively, once the switch in NMDAR phenotype has occurred, it is difficult to reverse. Recruitment of REST to the Grin2b promoter is coincident with a notable alteration in the chromatin landscape. At P15 the Grin2b promoter undergoes a dramatic change in which an increase in marks of stable gene repression (H3K9me3 and H3K27me3) 49 is coincident with a decline in the activation mark H3K4me3. Notably, the decrease in H3K4me3 is transient, in that by P21 (and at P60), it is increased and coincides with a persistent enrichment in H3K27me3. These findings document a bivalent pattern of epigenetic marks involving both 'repressive' and 'activating' chromatin modifications at the Grin2b promoter in early postnatal life, possibly maintaining GluN2B in a repressed state, yet poised for activation 37 . To our knowledge, this is the first study showing a bivalent pattern of epigenetic marks at the gene promoter of a synaptic protein in fully differentiated neurons.
Maternal isolation alters epigenetic changes and switch in NMDARs
Epigenetic modifications are associated with experience-driven chromatin modifications that lead to long-lasting changes in transcription 16, 49 . Although it is well established that experience can regulate the GluN2A/GluN2B ratio at central synapses 3, [29] [30] [31] [32] [33] , the link between experience and synaptic function remains unclear. npg a r t I C l e S Our results demonstrate a role for experience-dependent epigenetic remodeling leading to a synaptic modification in vivo. We showed that early in life the NMDAR subunit GluN2B is modulated by RESTdependent epigenetic processes involving histone methylation. Our results do not preclude the possibility that DNA methylation is also altered, although we did not address this here. Experience in the form of maternal deprivation (a paradigm known to disrupt the developmental switch in NMDAR phenotype 31 ), prevents activation of REST and epigenetic remodeling of the Grin2b promoter, silencing of GluN2B and the switch in synaptic NMDAR phenotype. Consistent with these findings, it was recently shown that maternal deprivation impairs REST function, resulting in enhanced vulnerability to stress in rats 42 . Maternal deprivation is also associated with an increase in anxiety and alcohol preference, impaired maternal care, and diminished learning of spatial navigation 50 , but the mechanisms underlying these abnormal behaviors remain poorly understood. Although it is clear that altered GluN2B expression highly impacts synaptic function and plasticity [8] [9] [10] 12, 13 , additional studies are necessary to understand how disrupting repression of GluN2B during early postnatal development can impact behavioral deficits and pathological disorders associated with dysregulation of GluN2B-containing receptors.
In summary, our data provide evidence for a unique mechanism underlying the switch in synaptic NMDAR phenotype in vivo. These findings add a new dimension to our understanding of how synaptic proteins and function are influenced by experience and epigenetic mechanisms early in life, which can have long-term consequences. Given that the developmental switch in synaptic NMDAR phenotype occurs widely throughout the forebrain and has important physiological consequences, REST-dependent epigenetic remodeling of synaptic NMDARs during brain development may be a widespread and enduring mechanism to adjust synaptic function. NMDARs are critical to synaptogenesis, formation of neural circuitry and to higher cognitive functions such as learning and memory, and their dysregulation is implicated in neuropsychiatric disorders such as schizophrenia, stroke, Parkinson's disease and Huntington's disease. Thus, our findings have important ramifications for NMDARs not only during normal brain development but possibly in brain diseases and disorders.
METHODS
Methods and any associated references are available in the online version of the paper.
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